Verticillium wilt is a vascular disease predominantly caused by the soil-borne fungi Verticillium dahliae and Verticillium albo-atrum. Most of the commercial potato cultivars grown in the USA are susceptible to Verticillium, resulting in significant crop losses. Development of new cultivars with resistance gene(s) against the pathogen can be assisted with molecular marker technology that allows identification and tracking of resistance genes. In tomato, resistance to Verticillium dahliae is conferred by two closely linked genes (Ve1, Ve2) that were mapped to chromosome 9. We have employed primers that amplify the leucine-rich repeat (LRR) domain from tomato Ve1 and Ve2 genes. Verticillium resistance gene homologues have been detected in resistant cv. 'Reddale' when using these primers and genomic DNA as a template. Deduced amino acid sequence shared high identity with Ve1 (87%-90%) and Ve2 (88%-91%) tomato resistance genes. The StVe1 -a potato homologue to the Ve1 gene -mapped to the genomic position corresponding to the tomato Ve1 gene. Microsatellite markers linked to the StVe1 have been used to screen 48 (mostly) tetraploid genotypes of various pedigrees. One of the tested markers showed high linkage with Verticillium resistance (p < 0.001). The correlation is mainly based on the complete absence of resistant genotypes that lack the STM1051 marker (~190bp size band). The STM1051 marker has a potential use in the detection of genotypes that are susceptible to Verticillium. Our results suggest that there may be a direct evolutionary relationship between Verticillium resistance genes in potato and tomato.
INTRODUCTION
Verticillium wilt (also called potato early dying disease) is predominantly caused by two soil-borne fungi, Verticillium dahliae (Kleb) and V. albo-atrum (Reinke and Berthold). This common vascular disease is a limiting factor for production of all commonly grown cultivars of potato, especially in dry climates (Susnoschi et al., 1976) . Disease symptoms in potato include wilting and leaf chlorosis and necrosis, while the tubers of infected plants develop necrosis in the vascular tissue, that reduces tuber quality, in particular for the manufacture of french fries and chips . Moreover, in heavily infested soils, the yield of susceptible clones can be reduced more than 50% (Goth and Haynes, 2000) . Verticillium wilt has received the most attention by breeding programs in areas where it occurs, because of the drastic yield reductions it causes in very susceptible cultivars and because it is difficult to control by chemical means (Pavek and Corsini, 1994) .
Planting resistant cultivars is ultimately the most practical method for management of potato early dying disease. Potato cultivars that are currently available differ considerably in their susceptibility to Verticillium. Those with the greatest resistance, however, are presently not widely used in commercial production . Verticillium wilt resistance in potato has been shown to be heritable (Corsini et al., 1990) and stable over space and time (Corsini et al., 1985) . The genetic mechanism of resistance toward Verticillium in potato has been shown to be of a polygenic nature 128 (Hunter et al., 1968) , while in tomato resistance was thought to be controlled by a single dominant (Ve) gene (Schaible et al., 1951 ) located on the short arm of chromosome 9 (Diwan et al., 1999) . Unexpectedly, two closely linked, functional disease resistance genes (Ve1 and Ve2) were actually detected in the cDNA of resistant tomato cultivar 'Craigella' (Kawchuk et al., 2001) .
The Solanaceae are unique in the extent to which agriculturally important family members are infected by the same or very closely related plant pathogens (Jahn et al., 2000) . If resistance gene specificity is conserved across genera, genes conferring resistance to closely related or identical pathogens should be found in corresponding chromosome positions in related genera (Grube et al., 2000) . Evidence that mechanisms leading to Verticillium resistance may be conserved in potato and tomato is suggested by expression of cloned specific resistance genes in transgenic plants. When tomato Ve1 and Ve2 resistance genes are functionally expressed in potato, resistance is observed in otherwise susceptible plants (Kawchuk et al., 2001 ). This observation suggests that all necessary components of the resistance response are present and functional in these related host species. It is therefore possible that at least some Verticillium resistance genes in tomato and potato are orthologous.
Marker-assisted breeding in potato has not yet been applied with the vigor observed in other species. This is presumably because of the complexities of autotetraploid (or segmental autotetraploid) genetics and the lack of highly informative, user-friendly marker systems (Milbourne et al., 1998) . Another reason could be the low correspondence of marker/QTL (quantitative trait locus) association between cultivars and mapping populations (Beer et al., 1997; Niewöhner et al., 1995) . In other words, a marker allele, known to be co-inherited with resistance in a specific population, may not be co-inherited with the same resistance in a wide gene pool (Niewöhner et al., 1995; Gebhardt and Valkonen, 2001 ).
The two objectives of the present study were: 1) to determine whether the tomato Ve resistance gene homologue is linked with resistance to Verticillium in potato, and 2) to develop PCR-based molecular markers that could be conveniently used for markerassisted selection of Verticillium resistant tetraploid genotypes.
MATERIALS AND METHODS

Plant Material
The diploid potato population 'BD410' consisting of 256 individuals was derived from a cross between Solanum phureja and Solanum stenotomum (Haynes and Christ, 1999) . A subset of 132 clones was chosen randomly from the initial population and this subset, together with the two parental clones 'BD142-1' and 'BD172-1', were used for RFLP analysis and linkage-map construction.
To test for association between molecular markers and Verticillium resistance in potato of various pedigrees, a set of 48 genotypes with known resistance to Verticillium wilt was selected. The set comprised of 43 tetraploid potato cultivars and breeding lines along with five diploid genotypes. Half of the 48 genotypes were known to have good to high levels of resistance ('Amey', 'Atlantic', B0169-56, B0172-22, B0718-3, B11-B, BCT-61, BCT-109, 'Chieftain', 'Desiree', 'Elba', 'Erik', 'Frontier Russet', 'Gemchip', HH1-9, 'Katahdin', M200-30D, 'Ontario', 'Ranger Russet', 'Red Cloud', 'Reddale', 'Rideau', 'Russette', 'Sebago'), while the other half was considered to be susceptible or highly susceptible to Verticillium wilt ('Acadia Russet', 'Alamo', 'Anoka', 'Arenac', 'Arran Consul', 'BelleIsle', 'Cherokee', 'Chippewa', 'Early Rose', 'Fundy', 'Irish Cobbler', 'Kennebec', 'La Chipper', 'Marygold', 'Patrones', 'Pungo', 'Red Pontiac', 'Red Warba', 'Russet Burbank', 'Russet Norkotah', 'Saco', 'Superior', 'Triumph', USDA X96-56).
Ve Homologue Amplification and Ve Probe Preparation
Two primer pairs were used in PCR amplification of the Ve homologues from resistant potato cv. 'Reddale'. The primer pairs were specific to the tomato Ve1 and Ve2 genes (GenBank accession no. AF272367; AF365929). The sequences of primers together with PCR conditions were described by Kawchuk et al. (2001) . PCR products of expected size were cloned and sequenced. The translated sequences were aligned to the tomato Ve1 and Ve2 genes in the Clustal X comparison program and their similarity was calculated. To obtain Ve probes for Southern blot hybridization, the Ve1 and Ve2 specific primer pairs were used on tomato genomic DNA of Verticillium resistant cv. 'Heatwave'.
RFLP Analysis
Approximately 10 µg of total genomic DNA from potato leaf tissue was digested with five restriction enzymes (HindIII, EcoRI, DraI, XbaI and TaqI) to prepare Southern blot survey filters. Genomic blots for the 132 clones and two parental genotypes were prepared and hybridized with 140 RFLP probes derived from random genomic or cDNA clones of potato and tomato (provided by Dr. C. Gebhardt and Dr. S.D. Tanksley). Probes were labeled with [α-32 P] dCTP using the random hexamer procedure (Oligolabelling Kit; Amersham Pharmacia Biotech Inc.). The detection of Ve1 in tetraploid cultivars 'Reddale' and 'Kennebec' was performed using chemiluminescence protocols (Photope Chemiluminescent Kit, New England BioLabs). All hybridizations were carried out following a standard protocol, at 65° C for 24 h (Sambrook et al., 1989) .
SSR Assays
Genomic DNA was extracted from fresh in vitro plantlets using commercially available kits (Qbiogene, Qiagen or Sigma). The 20 µl of PCR reaction mixture contained: 1x ThermoPol Buffer, 250 µM of each dNTP, 1U Vent polymerase (New England BioLabs), 0.5 µM of each primer, and 50 ng genomic DNA as template. The cycling conditions were: 94°C for 2 min, then 40 cycles of 94°C for 30 s, annealing temperature for 30 s, and 72°C for 30 s, followed by 72°C for 10 min. The SSR primers and PCR annealing temperatures were as in Milbourne et al. (1998) . The amplified products were separated on 5% agarose gel (4:1 Agarose I (Amresco):Metaphor (FMC Bioproducts)) run with 1x TBE buffer at 5 V/cm for 2½ h and stained with ethidium bromide.
Linkage Map Construction and Statistical Analysis
The genetic linkage map was constructed using the computer software JoinMap v3.0. The critical value of 3.0 was used as a threshold to assign marker loci to the linkage group. The Kosambi mapping function was used to convert recombination frequencies to map distances in centiMorgans (cM).
Independence of marker distribution (presence or absence) and phenotypic group (resistant vs. susceptible) was tested by χ 2 test with one degree of freedom.
RESULTS
The amplification obtained using Ve1 and Ve2 primer pairs on resistant potato genomic DNA (Solanum tuberosum cv. 'Reddale') resulted in a single band, with expected product size (StVe1 and StVe2 homologues). However, each of the single bands contained a mixture of DNA fragments, as detected by the electrophoretic analysis of the restriction enzyme digest. The sequence data from cloned fragments corresponded with at least four different StVe1 homologues (GenBank accession no. AF466617, AF466619, AF467244, AF467245) and two StVe2 homologues (AF466618, AF466620). The deduced amino acid sequences shared high identity with Ve1 (83% to 90%) and Ve2 (88% to 91%) resistance genes.
When PCR-amplified Ve1 and Ve2 products were used as probes on polymorphism survey blots of the parental clones 'BD142-1' and 'BD172-1', both probes showed identical banding patterns. This result could be explained by close linkage of StVe1 and StVe2, as is the case with the respective tomato Verticillium resistance genes. With this assumption, only the Ve1 probe was used for RFLP mapping in the 'BD410' population. Segregation of the Ve1 probe band in 132 clones indicated that the StVe1 locus (and presumably StVe2) was found associated with the linkage group corresponding to chromosome 9 (Fig. 1) . The StVe1 appears to be located in the corresponding position as tomato Ve gene (Diwan et al., 1999) with respect to the paracentric inversion detected in this region when comparing the tomato and potato genomes (Bonierbale et al., 1988) .
The Ve1 probe was also used for hybridization on highly resistant (cv. 'Reddale') and highly susceptible (cv. 'Kennebec') potato cultivars. The banding pattern on the two cultivars was different, indicating the presence of a polymorphism between these two cultivars in the proximity of the StVe1 locus. We sought to test whether these detected differences could also be found in other tetraploid potatoes of various pedigrees. Since RFLP technology is quite laborious and technically demanding, we decided to employ a different type of molecular marker -SSR (simple sequence repeat). The SSR assay is a PCR-based technique that is simple, cost effective (once the markers have been developed), and highly reproducible. SSRs have been firmly established as highly robust, co-dominant markers in plant systems. Milbourne et al. (1998) used SSR markers to produce a molecular linkage map of potato, thus all necessary information concerning marker location, primer pairs, and PCR conditions are already known. Subsequently, the SSR-based markers were used to aid the identification of the genomic region containing putative gene(s) for resistance to Verticillium. Five SSR markers (STM0017, STM1017, STM1021, STM1051, and STM3012) selected from chromosome 9 were utilized in the present study. Among those tested, marker STM1051 showed high correspondence with the expected Verticillium resistance response of the tested potato genotypes. Comparison of the resistance data with the amplification of the STM1051 allele showed a correlation between disease susceptibility and the absence of a ~190bp amplicon (Fig. 2) . This correlation (p < 0.001) is mainly based on the complete absence of resistant genotypes that lack the STM1051 marker (~190bp size band). In contrast, the presence of the allele from marker STM1051 had no predictive value for resistance of a genotype (Table 1) .
DISCUSSION
Symptoms of potato early dying disease are difficult to distinguish from normal plant senescence . Although infection occurs early on in the growing season, wilt symptoms do not develop until later, when rapid tuber bulking occurs (Pavek and Corsini, 1994) . Germplasm evaluation for Verticillium resistance in the field is time consuming and expensive. It requires careful observation of many stems in order to obtain a clear indication of the plant's disease susceptibility. This may be difficult to do during early generations in a breeding program (Jansky and Rouse, 2000) . Therefore, a considerable amount of effort has been directed toward the development of efficient disease resistance screening assays (for review see Jansky, 2000) . However, little attention has been paid to the development of molecular markers that could be successfully used for marker-assisted selection. The difficulty in developing molecular markers is exacerbated by the polygenic nature of the disease resistance in tetraploid potato (Hunter et al., 1968) . Though Verticillium wilt resistance is heritable, it seems to be predominantly based on additive effects of recessive genes (Pavek and Corsini, 1994) . Remarkably, transfer of the Verticillium resistance R-genes (Ve1 and Ve2) from tomato conferred resistance in susceptible potato. We hypothesized that if resistance gene specificity is conserved in tomato and potato, orthologous genes conferring resistance to Verticillium could be found in the corresponding genomic position in these two related species. Indeed, an SSR marker has been detected that is closely linked with the tomato Ve gene homologue (StVe1), and shows association with potato resistance to Verticillium wilt. We observed a strong correlation between the absence of the marker STM1051 (~190bp size band) and the high susceptibility of potato genotypes. The data show that all of the potato genotypes that lack the STM1051 marker are indeed highly susceptible to Verticillium wilt. Whereas the absence of STM1051 shows a clear correlation with the lack of resistance to Verticillium wilt, the presence of STM1051 in potato genotypes is not predictive for resistance. The STM1051 marker has a potential use in detection of genotypes that are susceptible to Verticillium. The essential problem associated with utilization of molecular markers is a low correspondence of marker/gene association between mapping populations and germplasm pools (Beer et al., 1997) . In a wide gene pool, prediction of the resistant phenotypes based on marker genotype is not straightforward because linkage equilibrium may have been reached between a specific gene for resistance and closely linked marker (Gebhardt and Valkonen, 2001) . The ability of the marker STM1051 to detect the susceptibility allele in potatoes of various pedigrees supports its usefulness for Verticillium breeding program in the early stages of cultivar development. The marker can be especially useful in crosses involving a highly susceptible genotype (not showing the ~190bp amplicon; e.g. 'Cherokee', 'Irish Cobbler', 'Kennebec' or 'Russet Norkotah') and a resistant one. In such a cross, absence of the SSR marker locus indicates highly susceptible progeny, allowing elimination of undesirable genotypes.
Certainly, the STM1051 marker locus does not (and can not) explain all the variability in Verticillium resistance due to the polygenic nature of the trait. However, it appears that a locus (or clustered resistance gene family) with a strong effect on resistance/susceptibility is located in this genomic area. Our results suggest that there may be a direct evolutionary relationship between Verticillium resistance genes in potato and tomato. If true, this would be the first example of Verticillium resistance genes that retain biological activity in different species of Solanum genera. Fig. 1 . Molecular map of chromosome 9 with segregating markers (right side) and distances in cM (left side). Position of the microsatellite STM1051 was estimated from a different mapping population. The SOL-16 RFLP marker was developed from a resistance gene analog (GenBank accession no. AY059425) belonging to the NBS-LRR group. 
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